Cocoa pulp fermentation is a spontaneous process during which the natural microbiota present at cocoa farms is allowed to ferment the pulp surrounding cocoa beans. Because such spontaneous fermentations are inconsistent and contribute to product variability, there is growing interest in a microbial starter culture that could be used to inoculate cocoa pulp fermentations. Previous studies have revealed that many different fungi are recovered from different batches of spontaneous cocoa pulp fermentations, whereas the variation in the prokaryotic microbiome is much more limited. In this study, therefore, we aimed to develop a suitable yeast starter culture that is able to outcompete wild contaminants and consistently produce high-quality chocolate. Starting from specifically selected Saccharomyces cerevisiae strains, we developed robust hybrids with characteristics that allow them to efficiently ferment cocoa pulp, including improved temperature tolerance and fermentation capacity. We conducted several laboratory and field trials to show that these new hybrids often outperform their parental strains and are able to dominate spontaneous pilot scale fermentations, which results in much more consistent microbial profiles. Moreover, analysis of the resulting chocolate showed that some of the cocoa batches that were fermented with specific starter cultures yielded superior chocolate. Taken together, these results describe the development of robust yeast starter cultures for cocoa pulp fermentations that can contribute to improving the consistency and quality of commercial chocolate production.
M
icrobial fermentation is a crucial step in the production process for many foods and beverages, including chocolate, beer, wine, bread, and cheese. The quality of these products strongly depends on the microbes present, with even slight deviations in the microbial population yielding marked differences in product characteristics. For thousands of years, these fermentation processes were conducted spontaneously, relying on the inoculation of a complex mixture of microbes present in the environment. However, since the development of techniques to isolate and maintain pure microbial cultures in the late 19th century, an increasing number of producers have adopted the idea of using a defined starter culture (1) . This practice greatly increased the reproducibility and efficiency of the fermentation process and resulted in augmented product consistency. However, starter cultures were not adopted in all fermentation industries. One of the most striking examples is the cocoa industry, where the production (about 4 ϫ 10 6 tons of beans per year) largely depends on the complex and highly variable microbial population present at cocoa farms, where the cocoa beans are exposed to the natural environment to start the fermentation process (2) .
The species diversity of spontaneous cocoa pulp fermentations has received much scientific attention, with several studies describing the microbiome across the world (3) (4) (5) (6) (7) (8) (9) . Interestingly, the variable environment encountered during cocoa pulp fermentations results in a complex and dynamic microbial population. However, despite the geographical distance between cocoa-producing countries and despite differences in climate between different harvest seasons, spontaneous cocoa pulp fermentations show a clear and consistent general trend (8, 10) . Specifically, only a very limited number of different bacterial species are consistently isolated in high numbers, namely, lactic acid bacteria (LAB) (mainly Lactobacillus fermentum, Lactobacillus plantarum, and Leuconostoc pseudomesenteroides) and acetic acid bacteria (AAB) (mainly Acetobacter pasteurianus). In contrast, the fungal diversity is often much broader (8) . Generally, a wide diversity of apiculate, fast-glucose-fermenting species (including Hanseniaspora spp.) is found at the start of the fermentation process. In a second stage, more robust, stress-resistant species (mainly Saccharomyces and/or Pichia spp.) are found, but the exact species composition varies significantly with the season, geographical location, agricultural practices, and other factors (4, 5, 8, 11) .
Yeasts play several crucial roles in the cocoa pulp fermentation process, including the production of ethanol and organic acids, which are believed to arrest germination of the cocoa seeds and contribute to essential chemical conversions inside the cocoa beans (12) . Moreover, fermenting yeasts also produce myriad volatile aroma compounds (13, 14) . Lastly, yeasts producing pectinolytic enzymes are also believed to play a central role in the degradation of the viscous pectin-rich pulp (15, 16) . Hence, yeasts are crucial for cocoa pulp fermentations and for development of co-coa flavors and fermentation efficiency (17, 18) , and the observed diversity results in cocoa beans of inconsistent quality and causes huge economic losses (19) (20) (21) .
Since the introduction of commercial fermentation starter cultures for the food industry, Saccharomyces cerevisiae (or a close relative) has often been the organism of choice. This can be explained by several interesting physiological features of Saccharomyces spp. that make them very suitable for industrial fermentations (22) . First, S. cerevisiae is able to outcompete most other yeasts in industrial fermentations of wine (23) , beer (24) , cider (25) , and also cocoa pulp (7) . This fitness advantage can be attributed to several characteristics, including high stress tolerance (e.g., against ethanol and temperature), fast and efficient carbon metabolism (e.g., high glycolytic flux and glucose repression), and the ability to grow under aerobic and anaerobic conditions. Interestingly, these features are widespread among several yeast species but are uniquely combined in S. cerevisiae (22, 26) . Second, S. cerevisiae yeasts produce many desirable flavor compounds, such as volatile esters and higher alcohols, and only a few off flavors (13) . Lastly, S. cerevisiae cells do not produce specific toxins that would be harmful to humans, ensuring their safe use in food fermentations, as illustrated by the generally recognized as safe (GRAS) and qualified presumption of safety (QPS) status of S. cerevisiae (27, 28) .
Given what is known about cocoa pulp fermentations, it does not come as a surprise that the use of starter cultures consisting of S. cerevisiae, LAB, and AAB has been suggested to increase the consistency and overall quality of chocolate. In 1998, a complex mixture of an indigenous S. cerevisiae strain; two LAB species, Lactobacillus lactis and L. plantarum; and two AAB species, Acetobacter aceti and Gluconobacter oxydans, was proposed (19) . The added inoculum could mimic natural cocoa pulp fermentations and yielded cocoa of acceptable, but not superior, quality. In 2012, a starter culture with a similar composition, consisting of indigenous S. cerevisiae, L. fermentum, and A. pasteurianus strains, was applied (18) . This study also highlighted the importance of yeast in a cocoa pulp starter culture, since inoculating with a starter culture consisting solely of LAB and AAB resulted in chocolate with a bitter, unfermented flavor. Despite the production of chocolate with a consistent flavor, qualitative advantages seemed limited, and the starter culture composition was too complex for efficient commercial application. Another paper reported on inoculation with L. fermentum, A. pasteurianus, and a non-Saccharomyces species, either Pichia kluyveri or Kluyveromyces marxianus (29) . However, while pronounced differences from spontaneous fermentations were observed by gas chromatography-mass spectrometry (GC-MS) analysis, sensory analysis by a consumer panel revealed no significant differences, probably due to the inability of the inoculated yeast strains to dominate in the fermentation process (30) . Finally, several papers describe the application of highpectinolytic (often genetically modified) yeast starter cultures to increase liquid drainage (31) (32) (33) . While these inoculated fermentations sometimes led to increased drainage, they did not result in clear benefits for cocoa quality. Moreover, legislation and consumer preferences currently do not allow genetically modified organisms to be used in an industrial setting.
In this study, new hybrid yeast strains able to perform an efficient and consistent inoculated cocoa pulp fermentation process were developed. First, two S. cerevisiae strains (one indigenous cocoa and one industrial strain), both performing well in a cocoa pulp environment, were selected as parental strains. Breeding of these strains ultimately yielded a large set of in-and outbred hybrids, some of which showed increased competitiveness in cocoa pulp. This resulted in the consistent production of high-quality cocoa liquor and chocolate, which makes them excellent candidates for use as a single-species starter culture.
MATERIALS AND METHODS
Yeast strains and storage conditions. The most important strains used in this study are listed in Table 1 . A full description of the industrial yeast strain collection was provided previously (34) and is summarized in Table  S1 in the supplemental material. All strains were stored at Ϫ80°C using a glycerol-based storage medium (25% [wt/vol] (30°C; 900 rpm) . Next, the yeast strains were spotted at an initial optical density at 600 nm (OD 600 ) of 0.1 on solid YPD agar (2% [wt/vol] agar) using a high-density-array robot (Singer Rotor HAD; Singer Instruments, United Kingdom). The plates were subsequently incubated at 30, 37, and 39°C for 48 h and 40, 41, 41.5, and 42°C for 96 h. The colony size was quantified using ScreenMill software (35) and ImageJ (NIH). To score the temperature tolerance of the strains (Ϫ, ϩ, ϩϩ, and ϩϩϩ), the colony size at 40°C was normalized to W303, a widely used model organism known to be temperature tolerant (36) ; ϩϩ indicates a colony size comparable to that of W303, whereas Ϫ indicates that no growth was observed. Polygalacturonase activity. Strains were screened for polygalacturonase activity (a trait that allows them to degrade pectin) using a semiquantitative plate assay described previously (39) . Activity was quantified in a standardized fashion using ImageJ (NIH) and normalized to L2323, a polygalacturonase-positive reference strain (40) present on every plate to correct for plate variability.
Sporulation, tetrad dissection, and mating type characterization. Yeast strains were sporulated, followed by tetrad dissection, to determine the hetero-or homothallic nature of the strains (34), as described previously (41) . The mating type was determined by PCR executed in a C1000 thermal cycler (Bio-Rad), using MAT-A (5=-ACTCCACTTCAAGTAAG AGTT-3=), MAT-␣ (5=-GCACGGAATATGGGACTACTTCG-3=), and MAT-R (5=-AGTCACATCAAGATCGTTTATGG-3=) as primers and a temperature profile consisting of 30 cycles of 45 s at 94°C, 45 s at 50°C, 40 s at 72°C, and a final extension of 5 min at 72°C (42) .
Genetic fingerprinting. Genetic fingerprinting was applied to reveal genetic diversity within S. cerevisiae and to confirm the hybrid genotype of newly formed hybrids. First, genomic DNA was extracted in a 96-well format using the standard ether extraction protocol, as described previously (43), or using colony extraction with 0.02 M NaOH and a boiling step (10 min; 100°C). When the latter was used, e.g., for determining the intraspecific S. cerevisiae diversity in spontaneous fermentations, the ether extraction protocol was used for confirmation. Next, a transposon-based amplified fragment length polymorphism (AFLP) approach, called interdelta analysis, was used (44) . PCRs were executed with primers delta12 (5=-TCAACAATGGAATCCCAAC-3=) and delta21 (5=-CATCTTAACAC CGTATATGA-3=) and a temperature profile described previously (44) . The PCR products were visualized using QIAxcel Advanced Systems (Qiagen, Netherlands).
Mass mating. Strains selected for the mass mating procedure were sporulated on acetate medium (1% [wt/vol] potassium acetate, 2% [wt/ vol] agar) and incubated at 25°C. After 5 to 10 days, all spores were harvested, and the remaining vegetative cells were lysed by overnight incubation at 35°C (80 rpm) in distilled water (dH 2 O) supplemented with zymolyase (100 mg liter Ϫ1 ; Seikagaku Corporation, Japan), chloramphenicol (50 mg liter Ϫ1 ), and 2-mercaptoethanol (2 ml liter Ϫ1 ). Next, the remaining vegetative cells were lysed by adding sterile glass beads (0.425 to 0.600 mm) and vigorous vortexing for 3 min. The remaining cells were resuspended in dH 2 O supplemented with 0.75% Triton X-100. To break the asci down into single spores, the cultures were cooled to 4°C and sonicated for 30 s (amplitude, 50%) in a digital sonifier (Branson, Connecticut, USA), repeated three times in total. Next, the spore suspension was washed twice with 1.5% Triton X-100, after which it was cooled and sonicated (20 s; amplitude, 50%) two more times. The spores were washed with dH 2 O and resuspended in 1 ml 1ϫ phosphate buffer solution. To initiate mating, spore suspensions of both parental strains were mixed in 50 ml GNA (3% [wt/vol] Bacto peptone, 1% [wt/vol] yeast extract, and 5% [wt/vol] glucose) at a starting density of 10 6 spores ml Ϫ1 and incubated at 30°C overnight (80 rpm). In a final step, high-temperature-tolerant hybrids were identified by plating approximately 10 3 cells on YPD agar and subsequent incubation at 42°C for 5 days. The genotypes of the strains able to grow under these conditions were determined by mating type PCR and interdelta analysis (see above).
Backcrossing. Sporulation was induced on acetate medium incubated at 25°C (see above). The ascus wall was digested with 2 mg ml Ϫ1 zymolyase (Seikagaku Corporation, Japan) suspension and incubated for 3 to 10 min at room temperature. Tetrads were dissected with a micromanipulator (Singer SMS Manual; Singer Instruments, United Kingdom) on YPD agar. Temperature-tolerant haploid segregants of both parental strains were first selected by screening individual segregants by spot assays at 42°C or, in cases where there was no growth at 42°C, at 41°C and 40°C (see "Temperature tolerance" above). Next, two segregants of opposite mating types were picked, mixed on YPD agar with 10 l dH 2 O, and incubated at room temperature for 24 h. Then, a small fraction of the spot was streaked to single colonies and incubated for 48 h. Four single colonies from each spot were subsequently checked for mating type (see above) to identify backcrossed hybrids.
Transformation of yeast for competition experiments. Antibioticresistant strains were developed for the competition experiments. A hygromycin B resistance cassette was amplified from a plasmid analogous to pUG6 (45) but containing Hph instead of KanMX, conferring resistance to hygromycin B. IntE_F (5=-ATATAATAACGAAATTGAGTTTTCTAT AAGTAACATCAGCCCAGCTTGCCTTGTCCCCG-3=) and IntE_R (5=-AGGTAAGACACTGGAGCAAAAGAGTATAGTATTCTATAGAACTC GACACTGGATGGCGG-3=) were used to target Chr.XV:39657.0.39803, an intergenic region conserved between strains that was shown not to alter the yeast's phenotype when disrupted (J. F. Christiaens, T. Snoek, and K. J. Verstrepen, unpublished data). To amplify the cassettes, a temperature profile consisting of an initial denaturation of 3 min at 95°C; 9 cycles of 20 s at 95°C, 30 s at 55°C, and 2 min 30 s at 72°C; 25 cycles of 20 s at 95°C, 30 s at 58°C, and 2 min 30 s at 72°C; and a final elongation phase of 10 min at 72°C was used. A standard transformation protocol for S. cerevisiae was used (46) . To assess the potential influence of the selection marker on the yeast's fitness at high temperatures, the growth rate of the transformed strain was compared with that of the nontransformed strain using Bioscreen C (Oy Growth Curves AB, Finland). Six biological replicates were used per strain, and cells were inoculated in 12% YPD at an OD 600 of 0.002 and incubated at 37°C (24 h) and 41°C (48 h) .
Competition experiments in a cocoa pulp environment. Yeast propagation was performed in two propagation stages: first, an overnight pregrowth (30°C with shaking) in 5 ml 2% YPD, after which 500 l of this culture was transferred to 50 ml 2% YPD and incubated overnight at 30°C (200 rpm). This culture was used to inoculate the fermentations. Competition experiments were performed in 250 ml Schott bottles using 100 ml cocoa pulp (shipped from Ivory Coast), which was pasteurized for 5 min at 105°C. Two strains (one transformed with a hygromycin B resistance cassette) were simultaneously inoculated into the fermentations at an OD 600 of 0.25. After inoculation, the fermentation bottles were vigorously mixed to ensure homogeneous distribution in the fermentation medium. At this point, initial samples were taken and plated out on YPD agar and YPD-plus-hygromycin B (200 mg liter Ϫ1 ) agar to determine the relative population size of each strain. After 48 h, the competition experiment was ended, and final samples were taken and plated out on YPD agar and YPD-plus-hygromycin B (200 mg liter Ϫ1 ) agar. The change in the population ratio was calculated as follows: ln [(cell count test strain)(cell count transformed reference strain) Ϫ1 ] final Ϫ ln [(cell count test strain) (cell count transformed reference strain) Ϫ1 ] initial . Analysis of variance (ANOVA), combined with the Tukey or Dunnett test to correct for multiple testing, was used to determine significant differences in dominance between strains.
Pilot scale cocoa pulp fermentations. Pilot scale cocoa pulp fermentations were performed during the main harvest season at the Barry Callebaut cocoa research facility, Pahang, Malaysia, in October and November 2013. Two spontaneous reference fermentations were also performed. The fermentations were started as described previously (8) . Cocoa pods were harvested and opened after 3 days. Fermentations were performed in baskets (0.70 m by 0.50 m by 0.60 m) containing 50 kg of beans and covered with banana leaves. All fermentations were turned once after 48 h and stopped after 4 days. The temperature and pH in the middle of the fermenting mass were continuously measured using a digital pH meter (pH 3310 set 2; SenTix 41; WTW GmbH, Weilheim, Germany). Cocoa bean samples (200 g) from the fermentations were aseptically taken after 0 (fresh cocoa beans right after opening the pods; only for the spontaneous reference fermentations), 4, 24, 48, 72, and 96 h, each time at the same depth in the fermenting bean mass (20 cm below the surface). Next, the samples were cooled to 4°C and further analyzed within 1 h, as described previously (8) .
Microbial isolation and identification during pilot scale field trials. For microbiological analysis, six LAB, three AAB, and 16 random yeast isolates were picked at all time points in all fermentations. A total of 382 LAB, 144 AAB, and 757 yeasts were isolated. These isolates were further identified to the species level by sequencing and fingerprinting, as described previously (8) . All yeast isolates were identified by 26S rDNA sequencing (47) and comparing all sequences to type strain sequences using nucleotide-nucleotide BLAST (blastn). Species were identified based on the highest identity (percent) of the BLAST output. In cases of Ͻ100% identity, percentages of identity between the sequenced isolates and the available type strains are reported. In the case of ambiguities concerning the identity based on 26S rDNA sequencing, ACT1 and internal transcribed spacer (ITS) regions were additionally amplified and compared to type strain sequences for the isolates. Available type strain sequences were complemented with the ACT1 sequence of Pichia manshurica H4S7K13 (FM199999) (11) and the ITS sequence of Hanseniaspora opuntiae CBS8820 (AJ512440) (48) . For higher resolution and identification to strain level, all S. cerevisiae strains isolated from inoculated cocoa pulp fermentations were genetically fingerprinted using interdelta analysis. Bacterial isolates were first genetically fingerprinted [using (GTG) 5 repetitive-element sequence-based PCR (rep-PCR)] and clustered, after which the 16S rDNA of several representatives of each observed cluster was sequenced. Similar to the yeast isolates, all bacterial sequences were compared to type strain sequences, and percentages of identity are reported when they were Ͻ100%.
Starter culture propagation for pilot scale field trials. Yeast propagation was performed in two propagation stages; first, an overnight pregrowth (30°C with shaking) in 5 ml 2% YPD, after which the 5-ml culture was transferred to 300 ml 10% YPD and incubated overnight at 30°C (180 rpm). This culture was used to inoculate the fermentations at an initial density of 10 6 CFU g Ϫ1 . The inoculum was prepared by vacuum filtration over a 0.45-m filter (Millipore) and dilution of the cells in 0.85% NaCl. The inoculum size was verified by cell counting. Starter cultures were inoculated by pouring them onto the fermentation, and they were evenly distributed throughout the fermenting mass by manual mixing.
Chocolate production and sensory analysis. Fermented cocoa beans were used for cocoa liquor and chocolate production by Barry Callebaut (Wieze, Belgium). Cocoa beans were roasted using medium roasting at 122°C, according to the general practices used for commercial production. Liquor from each fermentation batch was sampled and stored for GC-MS analysis (see below). Next, cocoa liquors from the fermentation duplicates were pooled (in order to obtain sufficient mass for chocolate production), refined, supplemented with cocoa butter, and conched for 4 h. Chocolate with 60% (wt/wt) cocoa solids was made for sensory analysis. Paired preference tests were performed by a consumer panel consisting of 16 people. Additionally, the panelists were asked to describe the samples (49, 50) .
GC-MS analysis of cocoa liquor. Volatiles of the cocoa liquor were extracted by liquefying 5.0 g of the samples at 50°C. The sample was spiked with 4 l of a 4-heptanone internal-standard stock solution (0.32296 g l Ϫ1 ). After stirring, 100 g was weighed in duplicate in a microvial and transferred to an empty thermal desorption unit (TDU) tube, which was closed. The volatiles were analyzed using GC-MS, consisting of a gas chromatograph (GC 7890A; Agilent Technologies, California, USA) in combination with a mass selective detector (MSD 5975C; Agilent Technologies) equipped with a MultiPurpose Sampler (MPS 2; Gerstel, Germany), a TDU (Gerstel), and a programmed temperature vaporizer (PTV) inlet (CIS4; Gerstel). Volatile compounds were thermally desorbed with the TDU temperature set at 70°C for 30 min. The desorbed volatile compounds were trapped at Ϫ10°C in the PTV inlet, after which the inlet was heated to 280°C (at a rate of 12°C min Ϫ1 , held for 20 min). Volatile compounds were separated using a fused silica capillary column (HP-FFAP; 50 m by 0.32 mm by 0.50 m; Agilent Technologies) preceded by a fused silica precolumn (2 m by 0.53 mm). The GC oven temperature was set at 35°C (held for 5 min) and increased to 240°C (at 5°C min Ϫ1 , held for 4 min). Helium was used as a carrier gas with a flow rate of 2 ml min Ϫ1 . Mass-to-charge ratios were scanned between 40 and 300 m/z, with the MSD operating at 70 eV in electron ionization mode. Volatile compounds were identified by comparing the mass spectra of the sample compounds with those in the Wiley 275L database. Compounds were semiquantified by comparing the peak area to the peak area of the 4-heptanone internal standard. Duplicate analyses of each sample were performed. Data were converted to Z-scores and visualized using principal-component analysis (PCA), performed with BioNumerics version 7.1 software (Applied Maths, Belgium).
Nucleotide sequence accession numbers. Sequencing data for representative isolates have been deposited in GenBank (accession numbers KP190150, KP190151, KP190153 to KP190159, KP190161, KP190164 to KP190168, KP190170, KP190171, and KP190174).
RESULTS
This study aimed to develop a yeast starter culture that allows increasing the efficiency and/or consistency of cocoa pulp fermentations. Specifically, we focused on S. cerevisiae, because the species has been isolated from most spontaneous cocoa pulp fermentations and because it is directly applicable in food fermentations. Using sexual hybridization, we developed robust yeast hybrids that thrive in a cocoa pulp environment and are able to consistently produce superior high-quality chocolate.
Selection of a superior S. cerevisiae strain from spontaneous cocoa pulp fermentations. To evaluate the diversity of S. cerevisiae in spontaneous cocoa pulp fermentations and isolate dominant strains that could be candidates for application in starter cultures, we analyzed the indigenous S. cerevisiae diversity of two spontaneous fermentations ( Fig. 1; see Fig. S1 in the supplemental material for details). Whereas S. cerevisiae has been isolated from various spontaneous cocoa pulp fermentations, the diversity within the species is only very rarely documented (7). Our analyses revealed the presence of six groups of closely related S. cerevisiae strains, with one group dominating both fermentations (Fig. 1) . A single representative strain of the dominant group (Y927) was selected, and phenotyping revealed high temperature tolerance, killer activity (i.e., the ability to produce short peptides that inhibit the growth of other yeasts that do not show killer activity [51] ), moderate polygalacturonase activity (i.e., the ability to degrade the pectin in the cocoa pulp), and a homothallic life cycle with efficient spore production (as determined by tetrad dissection and mating type PCR). Y927 was therefore selected as a potential starter culture and as a parental strain for further breeding experiments.
Selection of a superior industrial strain from an in-house yeast collection. Apart from indigenous yeast strains, strains currently applied to industrial fermentation processes (e.g., beer, wine, sake, or bioethanol fermentation) also provide an interesting source of potential cocoa starter cultures. After phenotypic evaluation of a large collection of industrial yeasts (318 strains), one strain (Y115, originating from the bioethanol industry) possessing very high thermotolerance and moderate polygalacturonase activity was selected as a potential starter culture. Indeed, a pairwise competition experiment between Y115 and the previously selected indigenous strain, Y927, revealed superiority of Y115 in a cocoa pulp environment (see below). Moreover, the strain showed efficient sporulation with stable haploid segregant production and could therefore be used as a parental strain in the breeding experiments.
Development of new hybrid strains with improved temperature tolerance by mass mating. To generate superior strains that combine the characteristics of the dominant indigenous strain (Y927) and the industrial bioethanol strain (Y115), we set up a series of mass mating assays to generate a large set of hybrid yeasts. Following the mass mating procedure, the heterogeneous pool of newly formed hybrids was subjected to a 5-day incubation at high temperature (42°C) to select for hybrids with high temperature tolerance, a trait vital for dominance in a cocoa pulp environment. After this selection, 32 hybrids (H1 to H32) were selected and genetically fingerprinted. Diploids resulting from mating two cells of opposite mating types from the same parent, either germinating spores or haploid segregants, were classified as inbred hybrids. This resulted in the identification of 13 outbred hybrids, 3 Y115 inbred strains, 15 Y927 inbred hybrids, and 1 Y927 haploid (see Fig. S2 in the supplemental material) . These strains were further tested for thermotolerance (Fig. 2) and killer activity (see Table S2 in the supplemental material) and compared to their parental strains. Based on the results of these tests, two hybrids were selected for further analysis, the outbred H28 and the Y927 inbred H19. H28 was selected because the strain showed the highest temperature tolerance (defined as the best growth at 42°C), and H19 was selected because it showed both high temperature tolerance and killer activity.
In order to obtain a better comparison of the competitive behavior of the newly formed hybrids and their respective parental strains in a cocoa pulp environment, the two selected hybrids (H19 and H28) and the parental strain Y927 were competed separately against Y115 in laboratory scale cocoa pulp fermentations. To quickly determine population ratios, Y115 was genetically transformed with a hygromycin B resistance marker cassette (no influence of the marker on the yeast's fitness was detected [see Fig. S3 in the supplemental material]). The competition experiments revealed that H28 showed the highest fitness, outcompeting its stronger parent, Y115, in cocoa pulp (P Ͻ 0.0001) ( Fig. 3 ; see Table S3 in the supplemental material). Additionally, the comparison between the fitness scores of inbred H19 and the parental strain Y927 revealed significantly higher fitness of H19 (P ϭ 0.0057; Dunnett's multiple-comparison test). Hybrids H19 and H28 were therefore selected for pilot scale cocoa pulp fermentation trials in Malaysia.
Inbreeding of H28 further improves its fitness in laboratory scale cocoa pulp fermentations. Since H28 showed the most pronounced phenotypic improvement of all hybrids compared to the parental strains, the strain was selected for further inbreeding and backcrossing to its stronger parent, Y115. As stable haploid segregants could be obtained for both parents, a total of 92 haploid segregants were screened for thermotolerance prior to the hybridization experiment, thereby increasing the chance of obtaining superior hybrids. The eight most temperature-tolerant haploids were subsequently crossed in eight different combinations, yield- ing four outbred hybrids between H28 and Y115 (H33 to H36) and one H28 inbred hybrid (H37). Screening for thermotolerance of these five second-generation hybrids revealed that the inbred H37 showed the highest temperature tolerance, outperforming both H28 and Y115 in spot assays. Additionally, competition experiments in cocoa pulp revealed that H37 showed the highest fitness score compared to Y115-Hyg (a hygromycin [Hyg]-tagged transformant of the reference strain Y115) of all tested strains, including H19 and H28 (P Ͻ 0.0001; Dunnett's multiple-comparison test) (Fig. 3) . This was confirmed by competing a hygromycin B-transformed H28 directly with H37 (P ϭ 0.0017; see Fig. S4 in the supplemental material). H37 was therefore also selected for further testing in inoculated pilot scale cocoa pulp fermentations.
Inoculated pilot scale fermentations reveal suitable yeast starter cultures. To evaluate the performance of the selected indigenous and industrial strains and the three selected hybrids under industrial conditions, pilot scale field experiments were performed at a Malaysian cocoa farm. Additionally, one temperature-sensitive reference strain (Y397) was included in the experiment (see Table S4 in the supplemental material). All experiments were performed in duplicate (labeled A and B), and temperature and pH were measured in real time ( Fig. 4 ; see Table  S5 in the supplemental material). Since the goal of these pilot scale experiments was to develop a simple and economically viable starter culture for commercial production, no bacterial culture was added. Importantly, the different yeasts were inoculated to a relatively low starting concentration (10 6 CFU g Ϫ1 , i.e., about 10% of the normal inoculum size for beer fermentations), because higher inoculation numbers would be prohibitively expensive for large-scale commercial use.
To assess the microbial diversity of the different pilot scale fermentations, samples were taken throughout the fermentation period. No significant differences in the LAB and AAB cell counts were observed between spontaneous and inoculated fermentations, except for AAB at 4 h and 24 h (P ϭ 0.0448 and P ϭ 0.0009, respectively). However, this was not linked to higher maximal or final temperatures or the time points at which the highest temperatures were reached in the inoculated fermentations. Moreover, even though no bacterial inoculum was added, only a few different LAB and AAB species were present in the fermentations. In fact, the bacterial microbiomes were very similar between different fermentations and also closely resembled the profiles found in spontaneous fermentations (see Table S6 in the supplemental material), suggesting that a bacterial starter culture is not vital to obtain a consistent microbiome.
In contrast, the yeast diversity in the inoculated fermentations was significantly reduced compared to the spontaneous fermentations ( Fig. 4; see Fig. S5 in the supplemental material) . In the spontaneous fermentations, six to eight different species were found per fermentation, with S. cerevisiae, Hanseniaspora thailandica, Hanseniaspora opuntiae/H. lachancei, Pichia manshurica, Candida tropicalis, and Schizosaccharomyces pombe occurring in both spontaneous fermentations. This number was significantly higher than that in the inoculated fermentations, where the numbers of different species per fermentation ranged from two to seven (P ϭ 0.0385; Mann-Whitney-Wilcoxon test). The largest diversity in both spontaneous and inoculated fermentations was observed at the start. In all inoculated fermentations (except for Y397 B ), H. thailandica was present at the outset, with a relative population size between 13% and 87%. H. opuntiae/H. lachancei was also often reported at early stages (see Table S7 in the supplemental material). However, in contrast to the spontaneous fermentations, S. cerevisiae quickly became dominant in all inoculated fermentations, with relative population sizes ranging from 70% to 100% after 24 h compared to 20% to 40% in spontaneous fermentations.
To determine which inoculated yeast strains effectively outcompeted wild contaminants, we analyzed the growth speeds of the inoculated strains during the first 24 h of the fermentation and their dominance (relative population size) during the course of the fermentation (Fig. 5) . During the initial stages of the inoculated fermentations, some strains seemed to be better adapted to the initial fermentation environment than others, since they showed faster growth in the first 24 h. Interestingly, the best-performing strains in the initial, sugar-rich environment were the indigenous strain Y927 and the industrial bioethanol strain Y115, not the developed hybrids. However, all yeast strains reached an average relative population size between 80% (Y927) and 100% (H19) during the first 24 h. Over the next 24 h, the proportion of inoculated yeasts present in the pulp decreased slightly (Y115 and Y397), remained stable (H28 and H19), or increased to 100% (Y927 and H37). In the third stage of fermentation (between 48 h and 72 h), the average relative population sizes of all strains decreased, except for Y115 and H19 (stable at 85% and 100%, respectively) and H28 (increased to 100%). This third period was characterized by an increase in temperature due to turning of the fermenting beans. This rise in temperature may explain why the relative proportions of many yeast strains, and especially the temperature-sensitive Y397, decreased drastically. Interestingly, however, the temperature-tolerant strains Y115, Y927, and H28 remained present throughout the whole fermentation. H28 was shown to perform the best, dominating the yeast population for the complete course of the fermentation. Although no statistical differences were found between the dominance of H28, Y115, and Y927 at 96 h, they performed significantly better than all other tested strains (P Յ 0.01). The performance of the yeast strains in early stages was not correlated with yeast growth in later stages of the fermentation process (Spearman's rank correlation coefficient [r] at 72 h ϭ 0.00, P ϭ 0.9833; at 96 h, r ϭ 0.72, P ϭ 0.1222) or with the temperature tolerance (r ϭ 0.03, P Ͼ 0.9999). However, the temperature tolerance of the inoculated strains seemed to be an important predictor of growth at later stages, although not statistically significant (at 72 h, r ϭ 0.52, P ϭ 0.3000; at 96 h, r ϭ 0.67, P ϭ 0.1611).
GC-MS analysis of cocoa liquor confirms the consistency of inoculated fermentations. After fermentation, the beans were dried and further processed to cocoa liquor. GC-MS analysis of this liquor successfully identified 41 flavor-active compounds related to fermentation. To compare the flavor profiles of the fermentations and determine the reproducibility of duplicates, a two-dimensional PCA plot was constructed (Fig. 6 ). This analysis confirmed close grouping of liquor samples made from most of the duplicate fermentations, except for the temperature-sensitive strain Y397. Further, it revealed a clear separation between the aromatic profiles of the spontaneous and inoculated fermentations. The two spontaneous fermentations clustered together in the lower right part of the plot. This corresponded to the majority of volatile acids and lactic acid-related volatiles grouping together in the same quadrant (Fig. 6) . Almost all ethyl and acetate esters were located on the negative axis of principal component 1 (PC1), indicating that these com-pounds were found to a lesser extent in the spontaneous than in the inoculated fermentations. Liquor produced from spontaneous fermentations contained significantly more 2.3-butanedione (diacetyl), 3-hydroxy-2-butanone (acetoin), ethyl lactate, 2-methylpropanoic acid, and butanoic acid than the inoculated fermentations (Wilk's lambda likelihood ratio test; P ϭ 0.010). These compounds are mostly described as rancid (2-methylpropanoic acid and butanoic acid) and buttery (2.3-butanedione, butanoic acid, and 3-hydroxy-2-butanone) (52, 53) .
Sensory analysis of chocolate confirms potential of yeast starter cultures. Chocolates made from both spontaneous and inoculated fermentations were tasted by a consumer panel to determine the influence of adding the yeast starter culture (Table 2 shows all the comparisons). The tasting panel significantly preferred chocolates from fermentations inoculated with yeast hy- Table S7 in the supplemental material. Percentages of identity are reported for Ͻ100% identity with type strain sequences (see Materials and Methods for details). Turning of the fermenting cocoa beans was carried out after 48 h of fermentation (solid vertical arrows). St., Starmerella; T., Torulaspora.
brids over the identically executed spontaneous fermentations. The spontaneous reference strain was described as more bitter and sour, with a roasted flavor, while the inoculated fermentations were all described as more intense ( Table 2 ). The consumer panel further mostly preferred the fermentations inoculated with the hybrids over the parental strains, with the strongest preference for H28.
DISCUSSION
Our study demonstrates the use of selective breeding to generate robust yeast hybrids that are usable as starter cultures for cocoa pulp fermentations. The development of such starter cultures is particularly challenging, because cocoa pulp fermentations rely on a complex mixture of yeasts, LAB, and AAB and because cocoa pulp is not fermented in sterile, closed fermentors, but rather, in open heaps, boxes, or baskets. This implies that an appropriate starter culture must be able to outcompete microbes present in the environment that can contaminate the fermenting pulp.
The strategy we developed in this study relied on two basic pillars. First, we and others have observed that the bacterial microbiota appears to be very stable and similar between different fermentation batches, cocoa plantations, and seasons (8, 54, 55) . This suggests that bacteria are not the main source of variability between cocoa pulp fermentations and that it may not be necessary to include bacteria in a starter culture. Second, we hypothesized that it would be possible to find or generate S. cerevisiae yeast (H19, H28, and H37 ). H19 is a Y927 inbred hybrid, H28 an outbred hybrid between Y115 and Y927, and H37 is an H28 inbred hybrid. b The number of panelists who preferred chocolate made with the parental strain is indicated on the left in each pair. NA, not applicable. c P Յ 0.05. P values were calculated using the binomial test (probability ϭ 0.50).
strains that would be able to dominate the yeast population throughout the fermentation, thereby reducing the growth of other, unwanted fungi. Moreover, such a strain would not need to be added in high concentrations to become dominant, which makes the application of the starter culture economically feasible.
Over the past few years, several research groups have looked for optimal cocoa starter cultures. The combined inoculation of S. cerevisiae, LAB, and AAB has been proposed to increase the consistency of cocoa pulp fermentations and improve chocolate quality (18, 19) . However, it is unclear whether the suggested starter cultures really yielded improved fermentations, and in addition, the commercial application of such complex mixed starter cultures is difficult and expensive. Starter cultures consisting of other, nonconventional yeast species, including K. marxianus and P. kluyveri, were also developed (29, 31) . The downside of these nonconventional yeasts is that they often do not remain dominant throughout the fermentation process, and because they cannot suppress the growth of other yeasts, they may not yield reproducible fermentations. Therefore, a commercially viable starter culture for the consistent production of high-quality cocoa is still elusive.
To obtain an optimal yeast strain for cocoa pulp fermentations, we first isolated and identified large numbers of yeasts from spontaneous fermentations (8) . This detailed analysis revealed that cocoa pulp fermentations typically contain many different yeast species, with S. cerevisiae being one of the most dominant species. Further DNA fingerprinting to the strain level revealed in this study that each fermentation typically harbors several different S. cerevisiae strains. While this phenomenon has been described intensively for wine fermentations (56, 57) , the intraspecific S. cerevisiae diversity in cocoa pulp fermentations is barely documented (7). We showed that one group of closely related strains was dominant in both fermentations and therefore selected a representative strain (Y927) as a potential starter culture and as a parental strain for further breeding experiments. Additionally, we explored the currently available diversity of industrial and natural S. cerevisiae strains as a potential source for cocoa starter cultures. It is interesting that the selected strain (Y115, originating from the bioethanol industry) outcompeted the indigenous strain, Y927, in a cocoa pulp environment. This might be explained by the similar niches encountered in cocoa pulp and bioethanol fermentations, including low pH; the presence of weak organic acids, such as acetic acid (58); high temperatures (59) ; and the presence of LAB (60) .
Our study also demonstrates the power of classic breeding to generate novel, superior hybrids by either in-or outbreeding of selected parental strains. Temperature tolerance seems to be a crucial feature for cocoa pulp fermentations, with temperaturesensitive strains rapidly disappearing from the pulp when the temperature increases after the beans are mixed (turning), although further investigations are required. Interestingly, our results show that temperature resistance is a transgressive phenotype, and we were able to identify several hybrids that performed better at high temperatures than their parental strains. This could be due to a combination of reasons, including elimination of deleterious mutations present in the parental strains, dominance complementation, overdominance, or epistasis between genetic factors of both parents (61) .
Pilot scale testing of the parental strains and several newly generated hybrids demonstrated that both are suitable candidates to serve as a basis for a starter culture, with hybrid H28 being the most promising candidate for commercial exploitation. Fermentations inoculated with H28 or the parental strains Y927 and Y115 showed a significant reduction in microbial variability between replicate fermentations and in the number of different yeasts that reached relatively large population sizes. Species such as H. opuntiae/H. lachancei, H. thailandica, Pichia kudriavzevii, and P. manshurica were still occasionally observed in the inoculated fermentations, mainly at the start and end. These species were also observed in the spontaneous reference fermentations and have been reported before in Malaysia (8) . Interestingly, the same dominant bacterial strains, L. fermentum and A. pasteurianus, were present in both spontaneous and yeast-inoculated fermentations. This suggests that bacteria are not essential for a cocoa pulp fermentation starter culture. The growth of AAB in the inoculated fermentations was slightly delayed compared to the spontaneous fermentations. To what extent this specific parameter impacted cocoa flavor was not further investigated and could therefore be interesting for future research.
Surprisingly, we did not find a correlation between polygalacturonase or killer activity and dominance in cocoa pulp fermentations, such as in the case of temperature tolerance and dominance in the fermentation. Polygalacturonase activity and the breakdown of pectin have been the main focus of previously developed starter cultures for cocoa pulp fermentations (see above), yet this study indicates that other phenotypes are more important. The limited influence of the killer activity might be explained by the harsh environmental conditions encountered in cocoa pulp fermentations, which may inhibit the killer-positive behavior. It has been shown that all S. cerevisiae killer-positive strains lose their ability to produce toxins at high temperatures, starting from 37°C (62) . Moreover, the optimal pH for killer toxin production is generally higher than the pH of the cocoa pulp (37, 63, 64) . However, it is important to note that temperature tolerance is not the sole factor determining dominance in a cocoa pulp environment. The second-generation inbred hybrid H37 displayed less dominance at later phases of the fermentation, despite showing superior temperature tolerance. This indicates that, in addition to temperature tolerance, there are other (although probably minor) factors determining dominance toward the end of the fermentation.
The inoculation of a yeast starter culture clearly affected the volatile fraction of the cocoa liquor. Liquors produced from spontaneous fermentations were shown to contain less acetate and ethyl esters. These pleasant aroma compounds are typically formed during S. cerevisiae metabolism and are responsible for the fruity flavor in fermented beverages (13, 34) . Using spontaneously fermented beans also resulted in significantly more rancid and buttery aromas in the liquor, such as those of 2-methylpropanoic acid, butanoic acid, 2.3-butanedione (diacetyl), and 3-hydroxy-2-butanone (acetoin). The inoculation of S. cerevisiae might have excluded the growth of other species that can produce these undesired compounds. Therefore, we hypothesize that the S. cerevisiae starter culture not only altered the cocoa flavor directly by producing pleasant aroma-active compounds, such as esters, but also indirectly, by preventing the growth of other species that produce unwanted aromas. Testing the most promising yeasts on a larger scale is still required to validate the results. The differences in cocoa liquor volatiles between spontaneous and inoculated fermentations were reflected in the consumer panel's significant preference for the inoculated fermentations. The consumer panel significantly preferred chocolate produced with H28, identifying this newly developed hybrid as the most promising candidate for a commercial starter culture.
Together, our results demonstrate the potential of carefully selected and improved yeast strains as starter cultures for cocoa pulp fermentations. The use of such starter cultures results in more consistent fermentation profiles and ultimately yields highquality chocolate.
